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: The probleme in design end construction of ships are 
 iemnaes different from the problems confronting the designers 
of land structures such as bridges and buildings. Water-tight=- 
ness, smallest possible deadweisht tonnage consistent with the 
required Gimensions, and extreme conditions of stresa encounte- 
@red in hogging and segging in heavy seaways, are the outstand- 
_ Ang epecial problems. Since the introduction of mild steel, in 
lieu of wrought iron, as the principal material in ship conse 
tpuetion, the scantlings (sizes of plates and frames in ship= 
building) have been reduced and the designs simplified, in 
General. Riveted construction had progressed to the limit where 
further simplifications and reductions in scantlines would ime 
pair the seaworthineas of the veasele The advent of welding, as 
the method of fabrication, changed the whole picture and opened 
up many possibilities for economies in construetion es well as 


being the means of approaching the ideal joint. 


It was essential for ship builders to revise their thinke 
ing, away from the old conventional methods of shipbuilding, 
whereby each piece of the vessel was assembled on the bullding 
ways, to the modern concept of final assembly of prefabricated 
unite or sections. The recent war, with its unprecedented de- 

* mand for ships, afforded added impetus to this concept. Some of 
. the early experiences of shipyards, accustomed to riveted cons 
- struction, were unfortunate when they attempted ali welded const» 


ruction. Warpage, distor ation, dimensional instability, and 
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serious fractures were the common ailments. 


As en aid in visualizing the modern concept of ship 

 @onstruction, the following outline of the procedure used in 

the eonstruction of a typical cargo vessel will be helpfulie 
le Planning and design for welded construetten. 

2» Febrication of plating and framing by fleme cutting 
and beveling of edges where necessary. (to be done 
in the shops.) 

Se Construction of subeassemblics of as large a size 
as the yard facilities will permit. ( to be done 
on slabs and under cover, when possible ) 

4. Erection of these subeassemblies into sections. 


Se Final assembly of the sections on the bullding wayae 


With the above outline in mind, it is possible to ina«- 
gine the desirability of a welleplanned sequence of operations 
to ensure a amooth flow of materials, elimination of useless 
work, and the logical erection of the vessel. A little less ob- 
vious, but perhaps even mere important from the standpoint of 
the seaworthnineass of the completed ship, is the elimination of 
the previously mentioned troubles by proper welding and erection 
sequence.e it is the purpose of this paper to present a discus- 
Sion of the reasoning behind the sequenee and to show how it is 
applied in the yards to build stressefree, dimensionally accure 
ate, allewelded ships. The type of ship discussed will be limited 
to cargo ships, but the prineiples could be applied to any welde 
ed vessel. It is desired to point out that an allewelded ship is 


monolithic in character, as contrasted with riveted snips. As a 
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quence, welded ships are considerably stiffer, an important 
aeration in seeroing qualities. 








Distortion, the twisting or bending of a strueture out 
c the regular or intended shape, ia the sreatest obstacle to 
Overcome in welded ship construction. Residual stress, locked=- 
etress, and warping will be essentially éliminated if the 
ship is built with a minimum of distortion. When a ship is weld= 
ed, there is e tendency for the tow and stern to lift off the 
blocks, and for the bilses to rise. There have heen some ex- 
treme cases of this effects Distortion also causes poor under« 
water lines, thua seriously affecting the ship's handling 
characteristics. Another bad effect isa departure from the spece 
ified dimensions of the ghip, le. length and beam. 


The residual stresges resulting from the ship veing built 
where distortions are present, or where distortions have been 
forcibly corrected, are often quite hirh and constitute ea serious 


pre-jlosading of joints and structure. 


The principal cause of distortion is shrinkage due to 
welding, although there are other causes such as:- 
1. storage and handling distortions. 
2» flame cutting amt shrinkage. 
Ue improper fitting. 
4. unequal expansion due to the eun's rays or atmospheric 
conditions. 


5e over shrinking, (over-correction for distortion). 
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Welding anc erection sequences constitute the proper 
manne to correct distortion, although it 1a possible to make 
force fits, heat to expand a local area and then quench, peen- 
ing, and other even less desirable methods. To understand how 





G@istortion comes about, and why sequence is so important in 
 @limineting it, the following section will go into the effects 


ef expansion and contraction in the welding process. 


Expsn sion and Contractions« 


When metals are heated they expand end when cooled they 
contracts Not only the weld metal itself, out also the base mee 
tal, which is being joined, follows this law. An illustration of 


the temperature gradients to be expected as a bead is laid, fole 
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This illustration ta for the case of unsupported plates, but it 
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fis easy to see what would be the case if the plates were restrain- 
e@ Guring this heating and cooling paetag@ cycle. The final result 
would be an overall contraction in the plene of the plate, perpen= 
dieular to the bead, due to the contraction of the weld metal, 
whose expansion on heating was resisted by the restrained plates, 

thus setting up a condition of residual stress, or else resulte 
ing in distortion as a means of relieving the stress. The follow 
ing sketches show the results of unrestrained and restrained 
weldingi- 
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Cases #1 and #26 Gase #5-« 





: In case #1, two members were welded while both were entirely ree 
strained, resulting in fracture of the butt weld due to the weld 
contraction. In case#2, the butt weld held, and then two extra 
members were welded onte the pleces, as noted, resulting in frace 
ture of the butt weld. In case #3, one end was firmly anchored 

by welding, while the other end was clamped in such a manner as 


to allow some freedom sf movement. The butt weld aid not fail. 


"he ebove reagonine leads to a fundamental rule? Leave 


one end o* a member or etructure free to contract towards the 
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point of welding. This rule must be considered in design and 
planning as well as by the welders and shipfitters. 


Warping is primarily caused by the heating effects due 
to welding. When a bead ig laid on a flat plate, the plate will 
warp se shown below, if it is nob restrained or not heavy enough «+ 


to resist the contraction forces3- 
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| Another example of werping is that caused in welding a Tee jointse 
: 
| Zz 

| 


When two plates with an opening between them are welded, the plates 
will drew together as the welding progresses, and the amount will 
depend on the speed of welding and on the type of slectrodes. Slew 
rate of travel and bare electrodes will cause -ereater drawing 
together. With shielded are electrodes and very rapid travel, the 

| Plates may even separate on welding but will still come together 

| when cooled. The initial sepearatiom is caused by less total heat 


input and the protective coating, over the bead, acting somewhat 
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as an insulator. If the seam is long, tack welds are desirable to 
@eintain some degree of correct positioning of the plates. Further, 
if the plates are beveled for manual welding, there will be a ten- 
deney for the plates to bend upwards around the weld sead. The 
amount of this warping isa directly dependent on the number of pas~= 
ses, which indicates that it is desirable to complete ths weld 
with the minimum number of passes and the minimum amount of weld 
metal. Another frequently encountered case of warpage is when a 
pad is welded to a cireular disse. This is illustrabed belowre 





If, however, the circular plate had been clamped or weighted in 
such a manner aa to partially restrain movement in a vertical di- 
rection, then the plate would have been flat when the weld was 
completede 


The above illustrations of tack welding and clarwping give 
@ second fundamental rule: Warpage may be prevented through pare 
tial restraint by clamping or weichting the members downe This 
rule ie patticularly applicable to the fabricebion of the subd- 
assemblies on the flats or slabs, where jigs, dogs, and weights 
are available. When applied to the main erection of large sections 
or to the final assembly, the use of strongbacks, and other means 


ef bracing, accomplish much the same result. 
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The use of jigs and other means of restreining warpage 
will most likely leave lerge residual stresses within the fab- 
ricehed part. There are three possibilities concerning the 
relief of these stresses:~ 
@. The part will warp when removed from the jigs 
| be The weld will crack. 

Ge The weld or adjacent plate will yield piastically. 
Residual stresses may remain in the part only up to the yield 
point without some plastic deformation oceuringe It should be 
noted that with the mild steels ( .20¢ on the average ) used in 
ship building, unless tne restraint is severe, the piate or bead 
will yield plastically to relieve severe residual strees, withe 


out suffering any loss in ultimate strengcth upon future reloading. 


It hes been found that reslduel stresses remaining below 
the yleld point will not be appreciably relieved in services On 
the ogher hand, it has been determined, in general, that residual 
atresses do not contribute appreciably to the failures of weld- 
ed ships at sea, uniess there is a localized bad combination of 
residual stres#ea, some form of notch present, and severe loade 
imge In passing, it might be well te note that the primary cause 
of the failures of welded ships is brittleness of the steely ine 
duced by the multieaxial stress system ecting at the base of the 
notehe The noteh may be one caus@d by poor ceometrical demign of 
the vessel, (squere cube ategin cuteoutsa, for example) er by 
poor workmanship (defects in the weld or incomplete penetration). 
The above is ageravated by notch-sensitive steel, especially at 


Low tezmperatures e 
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Sinee it hes been shown thet the major contribution te 
@istortion is weld shrinkage, this section will deal with the 
means by which shrinkage is kept under control. The basic ideas 
ef welding sequence will be developed in the discussion. 


The amount of weld shrinkage is governed by several fact 

orese 

le The amount of heat that a welder uses for a given size 

rod and weld. 

2. The rate of travel along the weld. 

Se The root opening and the weld size. 
The most efficient welds are made by using, (1), es large a size 
electrode as possible, (2), high current, and (3), fast travele All 
these factors signify that less shrinkage will be had, due to lese 
heat input into the weld. This method of welding will alao result 
im deeper penetration, with a consequently rreater wat penetra 
tion to the reverse side of the weld, reaulting in less warping, 
due to the thermal gradient. It is to be noted that the major 
ehrinkege in nanual welding is at right angles to the direction 
of welding. The shrinkage, in the direction of welding, is nege- 
ligable. 


Some of the ways in which shrinkage can be controlled or 
counteracted: = 
ls care in fitting. 
2 use of the wandering procedure of welding.» 


S$. use Of the back step procedure in welding. 


7) 
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4. use of pertial restraints. 

Se keeping the welding evenly balanced both vertically 
and horizontally. 

6e by various post-welding treatments, such as peening 
or annealing. 

Te erection by sub-assemblies. 


Only those ways which relate to sequence will be further discussed. 


The wandering procedure is the running of short bead ine 
erements at random throughout the structure. This spreads the 
heat over the entire structure and lowers the cenereal level of 
heat. It is interesting to nogfe that there may be considerabdle 
rise in the temperature of a structure and consequent distortion 
if there are too many welders working on it, eapecially in a 


concentrated locality. 


Backestep procedure is very effective and is illustrated 
by the following sketchs- 





Hote that the directions are reversed to the general direction 
of travel. It is very important to heve scood fusion with each 
succeeding bead increment. Another variation of this method is 


the skip-step-back weld which is used to join sections where 





“the _ 


_ oebndetees Satoru To vem ab 
eaten Goede Unie et at it 


4 ot * ellvasafen! Ser ~ a 


Deets et See Miers | 


P | | patinenns ee od 
sdebitesenetm vd nalreeve «¥ 


sDeMBUnah Gav teen mw! Litn onaompen 6s welee dalow ever Wart? ine 








‘ 


<At tans teed Yo satonws wis oh wncbseord gattobcan ait , 
ele eves wie’ .ewddwele ane Jreterecid mnbowt te grunmene: 
t= tornt Lpseney mut puvwet ure eauiourste esizwe ot vere date 
elcwryeineee of yee bowl! ots wtoc oF natteorean) ef 1h stan 
mmLeyesnth Fremgwenn’ fue oi voorie «bo rvutewoqant wi? af pak 
\ hy regacebmiiemmabeys oferty. | 









awe * 


“ wee Liawel badgragesnmy, 

noap 2 Gee « : 
Aenarbectth 42 aoe wrtipetya. quer 64 yemseoees assesses Tr 
. = . , ~iigéwte aniwellot ait ye 


5. 





wotiserls fatenm ef? OT bewweres ose mont fnetlfh set dete ofa 
Geee 4ite welt hice evel 08 deettogel Qtev 2] 4D «Lever? Ya 

et b087ém O24) Te aglielrer aseiéoed «aemetant teed guibecnavy 
orm tevivers clot of beew @2 Colin Diem Soec-Qateeqiea aif 


the loading is not impertank critical or watertightness ig not 
important. Note the sequence of laying the beads. This sequence 
may be varied sowewhat:~ 


("“Zeq" joint ) 





The important idea so far noted in resard to sequence, is the 
reduction of weld bead shrinkage effects to reduce distortions 


The next point is keeping the welding evenly balanced 
out on either side of a structure when welding. By evenly ba= 
laneed it is meant using welders on either side of the strucst= 
ure, performing identical operations simultaniously. This is 
particularly important in long structures, in which the wandere 
ing sequence may be used, or cise the welding should start at 
center and provsress outwards. This will become more apparent 


when applications are discussed later one 


The erection by sub-essembly is a potent means of com= 
batting shrinkese troubles. The sub-assemblies are made up of 
pre-fabricated parts, which have alreacy contracted when each 


was welded, and thus their individual contractions will net af- 
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fect the fabrication of the sub-sesembly. This reaark as#unes that 
shrinkage will not be so great as to cause poor fit-up and sube 
sequent introduction of high stresses by @aking force fite. A 
similar situation holds in regerd to the finel asvembly of ths 
subassemblies on the building wayse 


In summary, the fundamentals of welding sequence ere:- 
le Plan to reduse the heat input to a winimam and to 
distribute the heat throughout the structure, when 
considered as a whole. This involves wandering, 
skip weiding, or backstepe 
Ze Balance out the welding from side to eide of a 
structure « 
S» Start welding a structure, such as the final erece 
tion of the subeassemblies, from the bottom center 
and work outwards and upwards, leaving the ends 


free until the laste 


m and Piannine for Sequencese 





It is a recognised fast that erection and welding see 
quences are not inseparable, and, therefore, in designing and 
Planning they should be coordinated. Draftemen should be fan= 
llier with proper welding practiees as well as structure de- 
signe To build a sound welded ship, which embodies all the 
advantazes of welded construction, the weldéng and erection 
gequences must be worked out in detail and presented in a 
logical manner to the supervisory force of the shipyards There 


is no such thing as too much detail in sta@ting the sequences, 
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Af the total distortion and residual atresses in the hull are to 
be kept et a minimum. Sven with recognized good design and plan= 
ning, there is an over-all allowence made for shrinkage #hich,in 
@ cargo vessel, amounts to 1 inch / 100 feet of length an@ 1 inch 
from the desiconed molded beam. The deviation from the true mea= 
surements is @hecked from time to time by surveying, and, if the 
Geviation is too large, steps are immediately, to remedy ite 


A very important point in planning a sequence is to anal- 
yee what influence warpinss will heve on the ull ae a whole, and 
then to divide the bull up inte bays which ere to be welded in a 
sequence, such that the stresses and warping arisine will ecountere 
act each other. The sequence of welding must elso be planned such 
thet the members have freedom of motion slong the designed lines 
of the ship so es to minimise distortions from the desired under- 
waver form. As an aid to the above, one shipyard has developed 
the method of making a transparent plastic model of the ship, to 
exact scale. The model is built up in the desired sections end 
sub-assemblies, which can be disassembled for detailed satuily, 
later. The model is used for final planning of sequences and 
for instructing the supervisory personnel. As a sidelight of this 
model idea, it ia poasible to very sreatiy meses Vai, casiuathe 
welding possible to perform on the hull, due to the case with 
which favorable situations for it can be visualised. The same rea- 
soning applies to the developement of jigs and fixtures allowe 
ing a maximum of downehand welding. These pointe add sreatly to 


the economy and increase the seaworthiness of the vessel. 
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As can be seen from tis paper, the idea of s#quence prew 
up a8 a result of practic&& experience and eepirical knowledge. 
Seon, however, the scientific reasoning of welding engineers are 
rived at the basic fundamentals previously noted. It is of intere 
est to see how these principles are applied in one or twa actual 


For the first case, a simple eub-assembly of a longitudinel 


keel section will be tekken. The following sketchagwill illustrate 


the fundemen_tals as applied to this type of sub-assembly: = 


r ten ( 
” keel 






keel bracket 


~Flat keel 





(1.)——> indicates 


sequence and direction 
of leying the bead. 
backestep all beads. 
C1) Wold opposite side brackets simitantously-. 


Tack down as required. 
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‘g)\ Start welding at eenter of keel sections Weld 
fore and eft short lengtha alternately. Weld 
port and etarboard sinultenYously. De net tack 
down more than one bracket ahead of welding. 

(2) Weld opposite side brackets simultanfously. 


Welding of the brackets to both the vertical and the flat keels 
mast be kept evenly balanced, and the heating of the vertical 
keel must be evenly distributed from top to bottom to maintain 
@Qlicnment. This latter is done by the use of backestep welding. 
Care must be exercised in tacking down too far ahead of the point 
where welding is being done or else warpage will fesult, due to 
the uneven distribution of streasesa. Despite such care, it is 
often necessary to bow down a keel sud-assembly to offset cone 


traction between top and bottom of the keel assembly. 


The second ¢xampie will illustrate one sequence, in 
which two sections are joined together on the building ways. 
The sequence presented here is typical of the hull work done 
On the building ways. it is to be remembered in this case that 
the bulkhead section pictured is the boundary between two pre-e 
fabricated hull sections and is thus in a vertical position, 


which preciudes the use of an automatic welding maechinee 


( see next page for sketch.) 
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All the above welding is to be done by the baekestep method and 
by e pair of weldere, working one on each side of the centerline. 
Bote that the sequence ie started st the keele All the intertor 
joints are made prior to welding the sides of the shell. It is 
important that all the internal welding in eech section should 
be completed prior to the finel assembl ors 


in the ereetion and welding of vessels of longitudinal 
construction, rather then the sectional construction noted in 
the second exauple above, the sequence is as follows;~« 
i» placing and welding of the keel essembies on 
the keel bloeks. 
2s erection of the bottom shell with the butts 
of the plates being welded starting from 
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anidships and working fore and aft, while the 
the longitudinal seams of the plates are re- 
strained from getting out of alignment, by 
use of bolte or spacers. 
3. erection of longitudinale and bulkheads ( sube 
assemblies). 
4. erection and welding of the upper shell plate 
ing and main deck, taking similar presautions 
as in weldéng the bottom shell. 
Se internal decks are then welded all around, af- 
ter the shrinkage has taken place in the shell. 
It should te pointed out that longitudinals, including decks, 
should never be restrained from contracting by tacking cr welte 
ing them before the full transverse shrinkage hes taker places 
Sequence is extremely important in this effect. if there is a 
keel rise, there is internal or locked-up stress which, if dee 
tected in time, can be corrected by changing the welding se- 
quenee from a straight side to side band type of seqvence to 
an angle in relation to the keel, by which is meant that lower 
levels are welded first ( in going away from amidships ) which 
will tend to draw the bow or stern down. The above discussion of 
@ longitudinal desinned ship applies more to a destroyer type 


vessel, in which the length to veam ratio is lsrge. 
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The importance cof welding end erection sequence has been 


Giscuased with the perticular aim of showing the selentifie reae 
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goning upon whieh its development is based and to present some 
idee of its application in modern shipbuilding. The principles 
of step-back and starting fron the center end working outboard, 
are utilized in the finel assembly of the ship, es well as in 
the welding of its components. Without the knowledge of sequence, 
ship construction on semieassembly line methodea would be out of 


the guestione 





-19~ 


Bibliography 


le Welding Handbook, AWS,(1942). 


Se 


4e 


De 


Ge 


Ve 


Be 


Procedure Handbook of Arc Welding Design and Practise, 
Lincoln Nlectric Company, Cleveland,Ohio, (1940). 


The Design and Methods sf Gonstruction of Gelded Steel 
re t Vessels, Ship Structure Committee,US Navy, 
15 July 1946. 


MeQs Collers, Ere 
to Welded Steel ! 


AE. Wallen, Sectior 
Welding Journal, (1 


Je Turnbull, Structural Design of Welded Nulls, Engine 
eering, (1943) ,155, #4038, June 4, dD 447 


0. Overgaard, Sequence in Welding of Ships, VPelding 
Journal, (1944), 23, (5)5 4236 


A. Amerikien, Some Problems of Welding Design and 
Fabrication of Steel Floating Drydocks, Welding Journal, 
(1946) ,25, (10), 929 | 


M. Forman, Flame Cutting Plates for Welded Ships, Weld-= 
ing Engineer, (1947), 32, (3), SS 












10. Production Planning for Welded Ship Conetruction with 


Paper and Plastic, Welding Journal,(1945) 24,(4) 347. 


il. W.8. Bowen, Planning for Wroduetion Welding end Cutting 


in a Modern Shipyard, Welding Journal, (1943) @& (11) 904. 


12. W. Sparagren end M.A. Cordovi, Peenings Ite Effect on Relief 


of Residpal Stress, Distortion, and Mechanical Properties 
of Nelds, Welding Journal, (1944) 83, (3), 1218+ 


ide M. Forman, Organized Fitting and Welding in Shipbuilding, 


Welding Journel, (1945) 24, (4), 351. 





14. 


15. 





Fleet-Welding, Lineoln Electic Company, Clevoland,Ghio, 
Bulle 440. | 


Report on Thermal Stresses and Shrinkage in Welded Ship 
Gonatruction, AWS, New York, 1941, 












r ‘ ‘ 





eee nue Rue Sst serra 


aathlo*® ,agiee Yo salndor el, Gee 
Se seefiest a 
Looms’ Sn patties stlesingal nutteeky E aaa 


a ina 8 08 


rae tol ea tne remiaeichciag sand 
coliak le Pisa it peat, toe ctiowwd 0,8 off 
soem pam poe g 
a, pane Sas a ta anche 
 SBRIRCRaed nt saceten ope gatzere veh ag ott 






“Dick ,epian = 





































" - 










heed } — s ‘ 
Let TAME brett emqead afioetd utennt kee OE 
» & -” d 












qidt benlet wer) yas 


gon a tr emslsurrrenee | cag tt = 








